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Abstract: Macroporous hydrogels, characterized by interconnected micron-scale pores, offer superior mass
transport, high loading capacity, and programmable microenvironments, enabling broad applications in
drug delivery, 3D cell culture, and tissue engineering. This review summarizes major fabrication strategies
for macroporous hydrogels, including solid templating, gas foaming, cryogelation, phase separation,
and 3D printing. The mechanisms and controllability of pore size, porosity, and interconnectivity
across different methods are systematically compared. In addition, we highlight representative design
principles for modulating hydrogel mechanics, incorporating bioactive molecules, and engineering
pore-level microenvironments. These advances demonstrate how macroporous architectures enhance
cellular infiltration, nutrient exchange, and spatiotemporal biochemical signaling, thereby supporting
the construction of biomimetic model systems and promoting tissue regeneration. This review provides
a comprehensive framework for guiding structural design and functional optimization of macroporous
hydrogels in emerging biomedical applications.
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Figure 1 Design directions for macroporous hydrogel

materials and their applications
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Table 1 Characteristics of various pore-forming methods
and corresponding pore structure features
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Figure 2 General workflow and specific techniques of the solid-template method. (a) General fabrication process of the solid-

template approach; (b) Droplet microfluidics used to generate uniformly sized degradable microgels, which are then employed to

fabricate macroporous hydrogels (Reprinted with permission from Ref. [30]; Copyright (2019) American Chemical Society)
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Figure 3 Specific strategies of gas-foaming methods and the macroporous morphology of hydrogels. (a) Schematic illustration

of the chemical foaming method; (b) Macroporous hydrogels obtained by polymerizing at different time points, along with their

microscopic macroporous structures (Reprinted with permission from Ref. [42]; Copyright (2023) MDPI); (¢) Schematic diagram of

the mechanical shear-foaming method (Reprinted with permission from Ref. [43]; Copyright (2020) American Chemical Society);

(d) Uniform macroporous hydrogels generated by microfluidic bubble templating (Reprinted with permission from Ref. [44];

Copyright (2019) American Chemical Society)
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Figure 4 Representative strategies for fabricating macroporous hydrogels using low-temperature techniques. (a) Freeze-drying

method; (b) Freeze-crosslinking method; (c) Effect of temperature on hydrogel formation in the freeze-crosslinking process

(Reprinted with permission from Ref. [50]; Copyright (2018) MDPI); (d) Principle of freeze casting and anisotropic macroporous

morphology (Reprinted with permission from Ref. [51]; Copyright (2022) Wiley)
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Figure 5 Macroporous hydrogel fabrication via phase-separation methods. (a) Schematic illustration of hydrophilic—

hydrophobic droplet phase separation; (b) Schematic illustration of all-aqueous bicontinuous phase separation; (c) Bicontinuous

phase separation used to prepare interconnected macroporous hydrogels (Reprinted with permission from Ref. [52]; Copyright

(2019) American Chemical Society)
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Figure 6 3D printing strategies and regulation methods. (a) Printing methods include inkjet printing, extrusion-based printing,

stereolithography, and laser-assisted bioprinting (Reprinted with permission from Ref. [56]; Copyright (2023) MDPI); (b) 3D printing-

enabled regulation of macroporous hydrogel properties (Reprinted with permission from Ref. [61]; Copyright (2023) Springer)
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Figure 7 Applications of macroporous hydrogels in drug delivery. (a) Schematic illustration of nucleic acid aptamer—

mediated sustained release of growth factors (Reprinted with permission from Ref. [74]; Copyright (2019) American Chemical

Society); (b) Coated macroporous hydrogels (Reprinted with permission from Ref. [75]; Copyright (2017) American Chemical

Society); (c) Macroporous ferrogels in microsphere form (Reprinted with permission from Ref. [76]; Copyright (2017) American

Chemical Society)
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Figure 8 Applications of macroporous hydrogels in 3D cell culture. (a) Influence of hydrogel pore structures on cell migration

and alignment (Reprinted with permission from Ref. [82]; Copyright (2025) Springer Nature); (b) Harvesting expanded MSCs

from macroporous hydrogels (Reprinted with permission from Ref. [83]; Copyright (2025) National Academy of Sciences);

(c) Formation of a three-dimensional osteocyte network within a macroporous hydrogel chip (left scale bar: 200 pm; right scale

bar: 100 um) (Reprinted with permission from Ref. [84]; Copyright (2024) Springer Nature)
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Figure 9 Applications of macroporous hydrogels in tissue repair. (a) Effect of hydrogel pore size on cell infiltration (scale
bar: 100 um) (Reprinted with permission from Ref. [91]; Copyright (2019) Springer Nature); (b) Shell-hardened macroporous
hydrogels (Reprinted with permission from Ref. [92]; Copyright (2025) Springer Nature); (c) Cell-scale (micrometer-scale)

heterogeneous hydrogels (Reprinted with permission from Ref. [93]; Copyright (2025) American Chemical Society)
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